Fig. 1. Location of Diego Ramírez Islands (56°31'S, 68°44'W),
showing their proximity to the South American continent, the Antarctic Peninsula and the approximate location of the Antarctic Polar Front (APF). , Xavier et al. 2003a , as well neritic fish over the continental shelf off South America (see Cherel et al. 1999) . However, the diet of Diego Ramírez grey-headed albatrosses had not been assessed prior to this study. The sympatric black-browed albatross (T. melanophrys [Temminck, 1839] ) population from Diego Ramírez have a high degree of dependence on local fisheries as a food source (Arata & Xavier 2003) , which in turn impacts negatively on the adult survival (Arata & Moreno 2002) . As the Chilean Patagonian toothfish fishery operates in the continental slope surrounding the Diego Ramírez Islands (Moreno et al. 2003) , some degree of interaction of greyheaded albatrosses with this fishery can also be expected, as it was described for the South Georgia population (Ashford et al. 1995) .
Here we provide the first description of the diet of the grey-headed albatross chicks at the Diego Ramírez Islands. We use this information to estimate feeding habitat preferences during breeding, niche partitioning with the sympatric black-browed albatross population at Diego Ramírez, and to explain interannual differences on chick growth rate. Finally, we discuss some preliminary hypotheses on the factors affecting the availability of main prey of grey-headed albatrosses, and consequently their breeding performance, during chick-rearing.
Materials and methods

Study site and logistics
The Diego Ramírez archipelago comprises three main islands: Norte Island and surrounding islets (24 ha), Bartolomé Island (93 ha, 190 m height) and Gonzalo Island (38 ha, 140 m height) (Schlatter & Riveros 1997) . The islands are inhabited by black-browed and grey-headed albatrosses breeding in mud flat and tussock grass habitats. The Chilean navy operates a lighthouse and look-out station at Gonzalo Island, which they resupply three times a year. Navy visits to the island provided the opportunity to conduct the current research but limited the time available to November-February of each year.
Diet analysis
A total of 103 food samples from grey-headed albatross chicks were collected at Gonzalo Island during January and February of 2000 (n = 18), 2001 (n = 42) and 2002 (n = 43). These were taken in two sampling events, one at the beginning of the post-brooding stage, end of January, and the other 2-3 weeks later, during February. Samples were obtained from chicks immediately after they had been fed by a parent, by inverting the chick over a plastic bag and gently squeezing its stomach and massaging its throat. This procedure induced the chick to vomit into the bag. Chicks were made to vomit only once during the season. Stomach emptiness of each sampled chick was verified by palpation of its abdominal wall.
Samples were weighed whole (total mass), drained through a 1 mm mesh sieve and weighed again (solid mass) using an electronic balance (± 1 g). Solid fractions were then preserved in 95% ethanol in individual bags and sent to the laboratory.
Fish prey were identified and quantified from the otoliths found in the samples using the keys of Hecht (1987) , Williams & McEldowney (1990) , Smale et al. (1995) and Reid (1996) . Otolith length and width was measured to ± 0.01 mm using a reticule ocular in a binocular microscope, if not disabled by erosion. Fish length and mass were estimated from the otolith dimensions using the formulas in Williams & McEldowney (1990) and Reid (1996) , after being corrected for erosion as described by Reid & Arnould (1996) . Length and mass equations for Gymnoscopelus hintonoides were estimated from raw data presented in Williams & McEldowney (1990) The number of fish present in each sample was estimated from the number of otoliths pairs (left/right) of similar sizes and unpaired otoliths. Total mass composition of each fish species was estimated from the otolith numbers and the mean reconstituted individual prey masses estimated from measurable otoliths.
The cephalopod beaks were identified according to Clarke (1986) , Rodhouse et al. (1992) and a beak reference collection held at the British Antarctic Survey, UK. The lower rostral length (LRL) of the cephalopod beaks was measured to ± 0.01 mm with vernier callipers. Allometric equations predicting mantle length and mass from LRL were taken from Clarke (1986) and Rodhouse et al. (1990) and used to estimated total mass composition for each cephalopod species.
Crustaceans were identified using the keys of Retamal (1981) , Kirkwood (1982 Kirkwood ( , 1983 , Barnard (1991) , Murano (1999) and Vinogradov (1999) . The number of individuals present was estimated using eye pairs or head numbers. The mass of crustacean species was determined using wet mass estimations from samples where crustaceans were only lightly digested and only one crustacean species was present; for a few species it was not possible to estimate individual mass (see Table I ). To account for mass loss due to digestion, a further correction factor was applied at the end of the study: arbitrary factors of 1.2 and 1.5 were applied depending upon whether digestion was considered to be light or medium, respectively. For Themisto gaudichaudii an arbitrary wet mass of 0.1 g per individual was used.
Diet composition was assessed using frequency of occurrence, numerical abundance and percentage by mass (reconstituted mass from hard part remains) following Duffy & Jackson (1986) to enable comparison with other dietary studies and to allow for biases peculiar to each method of analysis. The number and mass frequency of each prey type was estimated in relation to the number and mass of all prey found during the same year. For cephalopods, mass contribution was estimated only from beaks considered to be fresh (i.e. with buccal muscles still attached to it). This distinction was drawn because of the long persistence of cephalopods beaks in seabird stomachs (Furness et al. 1984 ).
Chick's growth rate
Chick's growth rate was estimated each season to assess potential effects of interannual changes of diet mass and/or composition on breeding performance. Thirty chicks were weighed twice per week from hatching to end of February and their growth rate was estimated during their linear growth phase, i.e. between 15 and 60 days old (Tickell & Pinder 1975) . Interannual comparison of the linear models was made using dummy variables (Zar 1999, p. 436) .
Diet comparison with black-browed albatrosses at Diego Ramírez
Diet overlap between grey-headed and black-browed albatrosses (Arata & Xavier 2003) at Diego Ramírez was assessed using the dietary overlap index described by Croxall et al. (1997) . Two indexes were estimated, the first using only mass contribution of each main prey item (fish, cephalopod, crustacean, other) and the second, using all prey items found in the diet of both albatrosses species.
Results
Diet composition
We obtained (Fig. 2) .
Fresh cephalopods were represented by nine taxa belonging to eight squid families. Cephalopods were present in 22%, 81% and 65% of all samples in 2000, 2001 and 2002, respectively, and accounted for 32%, 95% and 92% of the total reconstituted mass in the same years (Table I) . In 2000, when the squid contribution was low, the main species taken was Gonatus antarcticus, with 23% by mass, followed by Histioteuthis sp. B (6% by mass). During 2001 and 2002, Martialia hyadesi was the predominant species, accounting for 89% and 81% of the total mass and 268 JAVIER ARATA et al. in 2000) ; K. longimana was significant by mass in all years. Length frequency distribution of the beaks' lower rostral length (LRL), of the more abundant species in the diet, shows a similar frequency distribution between years (Fig. 3) . Only M. hyadesi presented a different pattern, with a bimodal distribution in the beak LRL frequency during 2000 that corresponds to mantle length sizes of 193±11 mm and 297 ± 13 mm. During 2001 and 2002, the mantle length frequency of this species was unimodal, with means of 212 ± 24 mm and 217 ± 35 mm, respectively.
Thirteen crustacean taxa were found in the diet of greyheaded albatrosses during the three years sampled. They were present in 100%, 79% and 91% of all samples, and accounted for 99%, 83% and 31% of the total number of individuals recorded, during years 2000, 2001 and 2002, respectively (Table I) . Crustaceans were the main prey item during 2000 with 41% of the total mass estimated. During 2001 and 2002, they contributed less than 5% to the total reconstituted mass despite their high contribution by number, given their low individual weight. The most important crustacean was Euphausia superba, which represented 11.8%, 2.4% and 0.0% of the total mass during , 2001 , respectively. In 2000 , Pasiphaeidae (8.9%) and Gnathophausiidae species (5.9%) were the only other crustacean important by mass (Table I) .
Fish were represented by nine taxa, six of them being myctophids. Fish prey accounted by less than 6% by mass in all years. During 2002, when fish had the higher representation, myctophids were present in 56% of samples, accounted for 42% of individual prey and 5% by mass of the reconstituted diet (Table I in January and February, respectively. In both 2001 and 2002, mean reconstituted masses per sample were >500 g in January and >1000 g in February (Fig. 4) .
Chick's growth rate
Chick's growth rates estimated were lower in 2000 and DIET OF GREY-HEADED ALBATROSSES AT DIEGO RAMÍREZ 
Diet comparison with black-browed albatrosses at Diego Ramírez
The dietary overlap index with black-browed albatrosses at Gonzalo Island between main prey items (fish, cephalopod, crustacean, other) was 0.079, 0.310, and 0.204 during breeding seasons 2000, 2001 and 2002, respectively. Between all prey species it was 0.004, 0.286, and 0.107, during the same seasons.
Discussion
Diet composition
Squid were the main prey of grey-headed albatrosses at the Diego Ramírez Islands during early chick rearing in 2001 and 2002, with crustacean or fish as secondary prey items. However in 2000, crustacean, squid and carrion contributed similarly by reconstituted mass to the diet, whereas fish otoliths were not found. Despite the former, fish remains were found in 13 of the 18 samples taken in 2000. Mean solid mass per sample was lower in 2000 (February), although differences were not statistically significant, whereas mean reconstituted mass per sample was significantly lower in that year. It is possible, therefore, that fish were under-represented in the diet sampling analysis in 2000.
In terms of specific prey, the diet of grey-headed albatrosses was dominated by the squid Martialia hyadesi, a species known to live along the Antarctic Polar Front (Rodhouse et al. 1996) . Secondary species, including myctophids (E. antarctica and G. nicholsi) and other cephalopods (mainly G. antarcticus and K. longimana), are also found at the Antarctic Polar Front (Williams & McEldowney 1990 , Xavier et al. 1999 . During 2000, when a shortage of M. hyadesi occurred, main prey found in samples were carrion, the squid G. antarcticus, krill and other crustaceans, most of them also known to inhabit Antarctic/sub-Antarctic waters. The presence of one species of the family Macrouridae, a deep-water fish family that is a common bycatch in the Patagonian toothfish fishery (Arata, personal observation), in one sample both in 2001 and 2002 is the single evidence that suggests some interaction with fishing activities. These results indicate that grey-headed albatrosses feeding young chicks at Diego Ramírez Islands exploit mostly Antarctic/sub-Antarctic waters during January-February, with minimal association with commercial fishing operations over the continental shelf of southern Chile.
Dependence on Martialia hyadesi
Martialia hyadesi plays a key role during the breeding period of grey-headed albatrosses at Diego Ramírez. The absence of this prey species in 2000 caused the mean reconstituted mass per sample to be significantly lower during this season (Fig. 4) . This lower food amount given to the chicks would in turn explain the significant low chick growth rate estimated during 2000. Similar results were recorded for the grey-headed albatross population at South Georgia (Xavier et al. 2003a) , where a shortage of M. hyadesi was also found in 2000, causing breeding success to decline. This is the first record in literature that the breeding output of two different albatross populations has been affected by the availability of a single prey species simultaneously. Giving that dietary differences between these populations suggest different foraging areas (see below), this finding implies a large scale process affecting the availability of M. hyadesi in the south-west Atlantic Ocean and Drake Passage regions.
There is interest in the development of a commercial fishery for this squid in the South-west Atlantic Ocean (González & Rodhouse 1998 ). This fishery may have serious implications for the conservation of grey-headed albatrosses, considering that about 70% of the world breeding pairs are nesting on South Georgia and Diego Ramírez Islands (Gales 1998 ). Therefore, it should be a priority task to understand the factors affecting the interannual variability in M. hyadesi abundance, and applying this knowledge to the management of any future fishery.
Martialia hyadesi availability to albatrosses
The processes affecting the distribution and abundance of M. hyadesi are poorly understood. Considering the life history traits of squids, with high fecundity, high mortality during early life stages and lower mortality as adults, abundance of M. hyadesi could be determined mainly by processes affecting eggs and newly hatched individuals, as has been described for the squid Illex argentinus (Waluda et al. 1999) .
Size of the squids found in the stomach samples indicates that grey-headed albatrosses consume juveniles hatched 270 JAVIER ARATA et al. González et al. 1997) . As M. hyadesi is semelparous, probably spawning at two years old (González & Rodhouse 1998) , abundance of M. hyadesi juveniles could depend on the direct effect of environmental variables during the previous spawning event or past environmental anomalies that affected the spawning stock, two years previously. Note, however, that the absent of M. hyadesi from greyheaded albatross diet samples does not mean the total failure of the M. hyadesi cohort. As flying predators, albatrosses can only dive to a few metres beneath the surface and thus, when squid abundance is under a given threshold, albatrosses could not be able to detect them. We tested the effect of environmental anomalies on the M. hyadesi recruitment using information of M. hyadesi presence in grey-headed albatross diet samples taken at South Georgia and compared it with the occurrence of ENSO events and sea surface temperature anomalies, such as the Antarctic Circumpolar Wave (ACW) (see Appendix II). Both environmental factors have been previously associated with M. hyadesi abundance (Xavier et al. 2003a , González et al. 1997 . The contingency analysis showed no correlation between M. hyadesi availability to albatrosses and the ACW anomaly (ACW at South Georgia: P = 0.476; ACW at Drake Passage: P = 0.238). By contrast, ENSO events are weakly correlated with the occurrence of M. hyadesi in the grey-headed albatross diet at South Georgia (P = 0.091). However, this was mostly due to M. hyadesi being available in years that did not follow ENSO events (n = 8). Two of the four cases when the availability of M. hyadesi to albatrosses was low, matched with the occurrence of ENSO events. The other two cases of low presence of M. hyadesi in grey-headed albatross diet samples happened two years after the last ENSO event and could be explained by a reduced spawning stock hatched under ENSO conditions. This circumstantial evidence suggests that ENSO events could affect the recruitment of M. hyadesi and, subsequently, the breeding performance of grey-headed albatrosses.
Comparison with other diet studies
The importance of M. hyadesi in the diet of Diego Ramírez grey-headed albatrosses is similar to that at other breeding islands: South Georgia (56°30'S, 38°40'W; Xavier et al. 2003a) , Marion (Nel et al. 2000) and Campbell Island (Waugh 1998) , perhaps reflecting the exploitation of the same habitat (Antarctic Polar Front) throughout their breeding range. Although at the other breeding islands M. hyadesi is also important in grey-headed albatross diet, it represents less than 55% by mass, in comparison with the 81-89% by mass found in this study in 2001 and 2002. This difference could be explained by an interaction of the following causes: a greater relative abundance of M. hyadesi in Drake's Passage in comparison to other regions, low competition for this prey in this area, and/or a greater abundance of alternative prey in other regions. M. hyadesi is abundant in the epipelagic ecosystem of the Antarctic Polar Front in the South-west Atlantic Ocean (Rodhouse & White 1995) and thus, it is likely to have great abundance in the Drake's Passage as well. Moreover, strong competition for M. hyadesi within the foraging range of grey-headed albatrosses nesting at Diego Ramírez during the breeding season, when most predators are central place foragers, seems unlikely. At South Georgia, where M. hyadesi is important in the diet as well but represents a lower fraction of it (Xavier et al. 2003a) , the grey-headed albatross breeding size is five times larger than at Diego Ramirez (Gales 1998 ), leading to a higher intra-specific competition for this prey. Diet at South Georgia seems to be compensated with Antarctic krill, which is abundant in close proximity to the islands. This prey is further away from Diego Ramirez Islands and thus, its presence in our diet samples was low. Then, although the distribution and abundance of potential albatross' prey in the Drake Passage are poorly known, it seems that the great abundance of M. hyadesi and relative low abundance of alternative prey, combined with a relative lower inter and intra-specific competition for it, may explain the highest presence of M. hyadesi in the diet of grey-headed albatrosses found in this study.
Fish and crustacean prey had a low representation in our diet samples. Myctophid fish and Antarctic krill, main secondary prey at Diego Ramirez, are distributed in Antarctic waters, roughly over 500 km away. These species are common prey at Marion, South Georgia and Kerguelen islands, which are located in or south of the Antarctic Polar Frontal Zone (Nel et al. 2000 , Cherel et al. 2002 , Xavier et al. 2003a . Antarctic krill is also a common prey at South Georgia (Xavier et al. 2003a) . The Diego Ramírez Islands are located north of the Antarctic Polar Front, which could explain the low contribution of these Antarctic prey. Similar result was found at Campbell Island, located in the subAntarctic Zone, where the fish southern blue whiting (Micromesistius australis) taken over the Campbell shelf is a frequent prey . Thus, distance from breeding islands to the Antarctic Polar Front seems to determines the main dietary differences between populations. The biogeographical area where Diego Ramírez is located determine a different prey availability compared to other breeding sites and could reinforce the importance of M. hyadesi. The importance of other fish species living over the South American continental shelf could diminish as a consequence of strong competition with the sympatric black-browed albatross (see below).
Grey-headed albatrosses at South Georgia, the closest breeding population of this species to Diego Ramírez, also prey mostly on M. hyadesi during chick rearing in 'normal' years (Xavier et al. 2003a) . Niche theory predicts mechanisms reducing intra-specific competition, with spatial segregation of feeding areas between populations being the main mechanism for niche partitioning proposed for albatrosses (Cherel et al. 2002) . The evidence suggests that this mechanism also operates in this case. Secondary prey items of South Georgia and Diego Ramírez greyheaded albatross populations differed. South Georgia albatrosses consume significant amounts of Antarctic krill and the lamprey Geotria australis (Croxall et al. 1997 , Xavier et al. 2003a ), whereas at Diego Ramírez Antarctic krill was poorly represented and G. australis was totally absent from the samples. These results support the hypothesis for niche segregation and suggest that albatrosses at both localities do not overlap in their foraging areas during the chick rearing season. During 2000, when M. hyadesi was almost absent in diet samples at both localities, grey-headed albatrosses at South Georgia fed mainly on Antarctic krill (61% by mass), with other prey species representing less than 10% (Xavier et al. 2003a) . At Diego Ramírez, penguin remains (27% by mass), the squid Gonatus antarcticus (23% by mass) and Antarctic krill (12% by mass) were the main prey taken by grey-headed albatrosses. That year grey-headed albatrosses at South Georgia foraged near the South Shetland Islands shelf (Xavier et al. 2003b , using satellite tracking), an area within the foraging range of albatrosses from Diego Ramírez. This suggests that in years of low M. hyadesi availability, the foraging distribution of both populations may overlap, leading to potential intraspecific competition between these two populations.
Comparison with black-browed albatross diet at Diego Ramírez
The diets of grey-headed and black-browed albatrosses nesting at Diego Ramírez were highly segregated. The diet of black-browed albatrosses was dominated by hoki (66-89%), Macruronus magellanicus, a benthopelagic species that commonly occurs as bycatch in fisheries at Southern Chile (Arata & Xavier 2003) . As fisheries in Southern Chile are concentrated over the continental shelf, black-browed albatrosses during breeding seasons must feed mainly over shelf waters. In contrast, grey-headed albatrosses fed mostly on M. hyadesi, which is most prevalent in Antarctic/sub-Antarctic waters. This pattern is consistent with the at-sea distribution described for these two albatross species elsewhere (Prince et al. 1998 , Cherel et al. 2000 , and gives further support to the hypothesis that spatial segregation is the main mechanism of niche partitioning between these two albatross species (Cherel et al. 2002) .
The trophic niche segregation of these two albatross species at Diego Ramírez is the highest recorded. Diet overlap reported for other colonies (considering all prey taxa and using the same index) are 0.64 and 0.67-0.98 at South Georgia (Croxall et al. 1997 , Xavier et al. 2003a ) and 0.84 at Kerguelen (estimated from Cherel et al. 2002) . The difference with the values estimated in this study (< 0.29) is remarkable. This difference possibly reflects the location of the Diego Ramírez Islands near both the vast South American continental shelf and the Antarctic Polar Front, whereas other breeding islands are more oceanic, having a smaller continental shelf that leads to a higher overlapping in their foraging areas. The congregation of black-browed albatrosses along fishing boats seems to accentuate the foraging difference between both species found elsewhere. Information about at-sea distribution of both species nesting at Diego Ramírez is needed to confirm the presumed segregation in their foraging areas during the breeding season and, potential intraspecific competition with the closest population at South Georgia, particularly during years of poor availability of their main prey. 
